Introduction
============

During the past three decades, the treatment of patients with haemophilia A has progressed from cryoprecipitate to partly purified plasma-derived factor VIII (pd-FVIII) concentrates and, more recently, to highly purified recombinant FVIII (rFVIII) proteins. Recombinantly produced FVIII molecules, with a minimized risk of viral contamination, are a major step forward \[[@R1]\]; in addition to having a good safety profile, rFVIII products provide efficacious replacement therapy for prophylaxis and treatment of bleeding episodes in patients with haemophilia A. However, access to therapy remains limited in some parts of the world, especially in developing countries. The introduction of new rFVIII products into the market may secure the supply of these recombinant products. Novo Nordisk has developed turoctocog alfa (NovoEight, Novo Nordisk A/S, Bagsværd, Denmark), a third-generation rFVIII replacement therapy, to offer the haemophilia A community an additional treatment option.

The human *FVIII* gene encodes a mature protein consisting of a single chain of 2332 amino acid residues \[[@R1],[@R2]\] with six distinct domains: A1, A2, B, A3, C1, C2 (Fig. [1](#F1){ref-type="fig"}a). During secretion, the single chain form is cleaved by furin (a transmembrane protease) into a heavy chain and a light chain held together by metal ions \[[@R3]--[@R5]\]. FVIII is converted into FVIIIa by thrombin cleavage at three sites, resulting in a three-chain molecule without the B-domain (Fig. [1](#F1){ref-type="fig"}a).

![Molecular structure of FVIII and turoctocog alfa. (a) Changes to the molecular structure of FVIII from its full length (upper section) to its thrombin-activated form (lowest section). The red and blue arrowheads show the site of cleavage by the transmembrane protease furin and the three sites of thrombin cleavage, which converts FVIII to FVIIIa, respectively. M represents metal ions keeping the heavy chain and light chain together. (b) Structure of turoctocog alfa and thrombin activation. aa, amino acids; FVIII, factor VIII.](blcof-27-568-g001){#F1}

Designing the optimal pharmaceutical product on the basis of a rFVIII protein entails a number of considerations, including choice of cell line for protein expression; cell culturing conditions; construct (e.g. full-length FVIII or B-domain truncated); design of the purification process; product formulation (e.g. temperature stability); and how the product can be administered in a well tolerated, convenient and efficient manner.

Intensive investigations have shown that the B-domain may not be needed for FVIII biological function \[[@R6],[@R7]\]. Expressing full-length FVIII molecules with an intact B-domain in mammalian cells has been considerably more difficult than expressing B-domain truncated variants \[[@R8]\], presumably because of the 19 potential N-glycosylation sites in the B-domain. In manufacture, B-domain truncated rFVIII products are expected to be more homogenous, making it easier to design the downstream purification process.

Consequently, when developing turoctocog alfa, we chose an FVIII-encoding sequence consisting of an intact human FVIII heavy chain sequence of 740 amino acid residues followed by a 21-amino acid residue truncated B-domain. The light chain sequence of 684 amino acid residues was kept intact. The 21-amino acid residue truncated B-domain comprises 10 amino acids from the N-terminal of the naturally occurring B-domain linked to 11 amino acids from the C-terminal of the B-domain. This truncated B-domain is removed following thrombin cleavage of turoctocog alfa, generating a rFVIIIa molecule identical to endogenous FVIIIa (Fig. [1](#F1){ref-type="fig"}b).

Turoctocog alfa is produced in Chinese hamster ovary (CHO) cells under serum-free conditions. A five-step purification process is applied as outlined in Fig. [2](#F2){ref-type="fig"}, including the following steps: capture on a mixed-model resin and detergent treatment; anti-rFVIII immunoaffinity chromatography (using a unique recombinant mAb F25); anion exchange (AIEX) chromatography; nanofiltration (20-nm filter) and size exclusion chromatography (SEC) \[[@R9]\]. This purification process produces turoctocog alfa to a high degree of purity and with no major host cell impurities that may activate the immune system. We have previously described the purification and characterization of this rFVIII molecule \[[@R7]\], and its in-vitro functional characteristics \[[@R10]\]. Here, we describe the considerations behind the process design that ensure robustness of the large-scale manufacturing process and a high-quality product. The overall aim was to develop a rFVIII product that is well tolerated, effective and convenient using the latest scientific and technological knowledge.

![The five-step purification process developed for turoctocog alfa production following its secretion from CHO cells grown in serum-free conditions. CHO, Chinese hamster ovary; rFVIII, recombinant factor VIII.](blcof-27-568-g002){#F2}

Materials and methods
=====================

Production cell line
--------------------

A turoctocog alfa coding DNA sequence was established from human kidney FVIII cDNA \[[@R6],[@R11]\] and inserted into a mammalian expression plasmid. CHO cells transfected with the expression construct were selected with the dihydrofolate reductase gene as a selection marker and cloned by limiting dilution. A high-producing clone was selected as the turoctocog alfa production cell line and an animal component-free production process was developed.

Purification
------------

### Equipment, columns and filters

Chromatographic isolation of turoctocog alfa from the cell culture media used an Äkta system from GE Healthcare (Uppsala, Sweden). Capto MMC and cyanogen bromide (CNBr)-activated Sepharose were from GE Healthcare.

### Anti-rFVIII immunoaffinity chromatography with immobilized F25 mAb

For production of the F25 mAb, immunoglobulin G (IgG) light and heavy chain cDNA were amplified by reverse transcription PCR from total RNA extracted from F25 hybridoma cells. The cDNA was inserted into expression vectors and clones were sequenced, leading to the identification of two different IgG light chain cDNA sequences and two different IgG heavy chain cDNA sequences. Upon coexpression of the four different light and heavy chain combinations, only one of these (HC2, LC1) exhibited anti-FVIII reactivity (Fig. [3](#F3){ref-type="fig"}). Thus, the cDNA sequences encoding the recombinant F25 (rF25) mAb were identified. The cDNA encoding light and heavy chain rF25 mAb was inserted into an expression vector containing a glutamine synthetase selection marker and transfected into CHO cells. Clones of transfected cells were selected with 37.5 mmol/l of methionine sulphoximine, a glutamine synthetase inhibitor. A number of CHO cell clones were screened and a suitable cell line for production of rF25 mAb was selected. The production was carried out under serum and animal component-free conditions. The rF25 mAb was purified using a modified generic platform for antibody purification and was coupled to CNBr-activated Sepharose Fast Flow (GE Healthcare) according to the manufacturer\'s instructions.

![Identification of the cDNA encoding F25 mAb. Reactivity of combinations of IgG heavy chain and light chain cloned from F25 hybridoma cells, coexpressed in HEK293 cells, and utilized as the detection antibody in an ELISA. IgG, immunoglobulin G.](blcof-27-568-g003){#F3}

### Hydrogen-deuterium exchange mass spectrometry

HDX mass spectrometry identified the epitope of F25 on FVIII. The procedure was performed as described previously, with minor adjustment \[[@R12],[@R13]\]. In brief, turoctocog alfa and F25 were dialysed to a buffer comprising 20 mmol/l imidazole (pH 7.3), 10 mmol/l CaCl~2~ and 150 mmol/l NaCl, and the proteins were kept at 2°C until the start of the experiment. HDX was initiated by incubating 3 μmol/l FVIII in the absence or presence of 4.5 μmol/l F25 in the same buffer in 98% deuterium oxide (D~2~O) instead of H~2~O, at nine time intervals (10, 20, 30, 40, 60, 120, 240, 480 and 960 s). The HDX experiments were performed using the Waters SYNAPT G2 HDMS in combination with the nanoACQUITY UPLC with HDX technology.

Analytical methods
------------------

### SDS-gel electrophoresis

Samples were denatured and reduced at 70°C for 10 min in SDS sample buffer (Life Technologies, Naerum, Denmark) containing 50 mmol/l DTT. Electrophoresis was performed using 7% TA Pre-Cast Novex gels and TA buffer (Life Technologies). Silver staining was carried out using SilverQuest (Life Technologies) and Coomassie staining using GelCode (Pierce; Thermo Fisher Scientific Inc., Rockford, Illinois, USA) according to the manufacturer\'s instructions.

### Size exclusion HPLC determination of high molecular weight protein content

High molecular weight protein (HMWP) content (turoctocog alfa polymers) was determined using size exclusion HPLC, with the column BioSep SEC 3000, 290 Å, (Phenomenex, Værl⊘se, Denmark), 300 × 7.8 mm, 5 μm and 10 mmol/l Tris + 10 mmol/l CaCl~2~ + 300 mmol/l NaCl + 5% isopropanol, pH 7.0, as mobile phase. The analysis was run at 0.4 ml/min, with column temperature at 30°C.

Results and discussion
======================

Cell lines
----------

The CHO cell line was selected as the production cell for expressing turoctocog alfa. CHO cells are a reliable, well established cell line for the production of recombinant proteins for medicinal purposes. Biopharmaceuticals produced in CHO cells have been administered to a large number of patients for more than two decades and have proven to be compatible and bioactive, and to have good safety profiles in humans \[[@R14]\]. Production in a nonhuman CHO cell line minimizes the risk of cell culture infection with viruses infectious to humans \[[@R14]\]. Furthermore, CHO cells are robust and can be cultivated at a large scale in the absence of serum or other human or animal-derived materials in a highly reproducible manner, securing consistent production of a homogenous, high-quality protein.

### Step 1: capture on Capto MMC

In the first step of the purification process, turoctocog alfa is selectively captured from the cell culture media. One advantage of using a mixed-mode resin for capture of the basic protein is that it enables direct loading of the harvest to the column without the need for further conditioning (e.g. adjustment of pH and conductivity). Virus inactivation was achieved by incubating the resin with adsorbed turoctocog alfa, with a Triton X-100 buffer. The highest yields of FVIII were achieved by combining high concentrations of both NaCl and ethylene glycol in the elution buffer (Fig. [4](#F4){ref-type="fig"}) \[[@R15]\]. As proper FVIII elution was not possible using either salt or ethylene glycol alone, a wash step with a high salt concentration was included to remove impurities. The application volume was 500 column volume or less and the eluate pool was 2 column volume, giving a 250-fold reduction in volume. SDS-PAGE showed enrichment of FVIII in the capture pool (Fig. [5](#F5){ref-type="fig"}), confirmed by the chromogenic activity assay, which showed a 100-fold increase in FVIII-specific activity within the pool versus the harvest. Using a combination of salt and ethylene glycol for elution also generated a pool that remained stable throughout freezing and thawing, without loss of activity. This is an advantage in manufacturing, as the purification process can be stopped at the capture stage if necessary.

![Elution of turoctocog alfa from Capto MMC.](blcof-27-568-g004){#F4}

![Silver-stained SDS-PAGE of samples taken during purification. Molecular weights are given in kDa for the standard marker on the left side of the gel. HC, heavy chain; LC, light chain; SC, single chain; Std., standard.](blcof-27-568-g005){#F5}

### Step 2: immunoaffinity with immobilized F25 antibody

In the immunoaffinity chromatography step, the immunoaffinity resin was immobilized with F25, a recombinant IgG mAb specific for FVIII molecules with an intact A2 domain. This second step in the purification process is crucial for the homogeneity of the final turoctocog alfa product, as the cell culture supernatant from the production cell line contains FVIII-related degradation products with heavy chains shortened at the C-terminal in the A2 domain. The F25 mAb, which recognizes the turoctocog alfa molecule at the far C-terminal of the heavy chain (amino acids 735--739), does not bind to FVIII molecules with incomplete heavy chains. Consequently, heavy chain degradation products processed at amino acid 720 are not copurified with turoctocog alfa \[[@R16]\]. SDS-PAGE analysis clearly demonstrated the high purity of the turoctocog alfa molecule (Fig. [5](#F5){ref-type="fig"}).

### FVIII regions that contribute to F25 antibody binding

HDX mass spectrometry, used to identify the epitope of F25 on FVIII, exploits the characteristic that HDX in a protein can be followed by mass spectrometry upon replacement of H~2~O by D~2~O in the aqueous solvent \[[@R17]\]. The peptic peptides undergoing HDX mass spectrometry analysis covered 91% of the turoctocog alfa primary sequence. The obtained peptic peptides are mapped onto a model on the basis of the X-ray crystallographic structure of NovoEight \[[@R5]\]. Loops missing in the structure (residues 17--45, 211--228, 1716--1726) have been modelled using the homology modelling tool, Modeller \[[@R18]\] and a1 (residues 336--372) and a2--a3 (residues 711--741, 1648--1690) domains have been folded using the ab initio folding tool, Rosetta \[[@R19]\]. After folding, the domains were docked to the X-ray structure so that their termini fitted the corresponding termini in the structure. Of these peptides, 96% displayed an exchange pattern that was unaffected by the binding of F25, suggesting that amino acid residues within these regions do not contribute to F25 binding. In contrast, a limited number of peptides were protected from HDX in the presence of F25.

The peptides displaying protection could be divided into two groups: 721--734 displayed protection 1.4 times the standard deviation of data from deuterium incorporation in the presence of antibody F25 (Fig. [6](#F6){ref-type="fig"}) \[[@R18],[@R19]\] compared with the other group, which showed a level of protection more than twice the standard deviation. The higher level of protection indicates a higher affinity for F25 binding. The FVIII region that displayed this prolonged protection included 11 partially overlapping peptides clustered on the C-terminal of the A2 domain. The analysis of partially overlapping peptides defined the residues that are protected by F25 binding, that is amino acid residues 735--739, which are protected from HDX in the presence of F25 by more than twice the standard deviation of the data.

![FVIII peptides 721--734 and 729--738, but not 738--750, exhibit reduced hydrogen-deuterium exchange in the presence of antibody F25. The deuterium incorporation level upon F25 binding was identified to be unchanged for cyan areas, reduced more than twice the standard deviation of data for red areas and below twice the standard deviation of data for magenta areas. The inset zooms in on the FVIII A2 domain. Grey areas are uncovered by the peptide map. The obtained peptic peptides are mapped onto a model on the basis of the X-ray crystallographic structure of NovoEight \[[@R5]\]. FVIII, factor VIII.](blcof-27-568-g006){#F6}

In summary, amino acid residues 735--739 were protected by F25 from efficient HDX; in comparison, a lower HDX protection was observed for residues 721--734. This demonstrates that residues within these regions contribute to F25 binding.

### Step 3: anion exchange

The presence of residual host cell protein (HCP), that is CHO and leaked mAb, in the final product may activate the immune system and it is therefore important to maintain a low level of HCP and mAb. The AIEX chromatography step reduces HCP and mAb leakage from Step 2 and further purifies and concentrates the intermediate product to obtain the target drug substance concentration after Step 5. The final drug substance concentration is a critical quality attribute in product formulation. Ensuring a sufficient drug substance concentration is made more challenging by dilution of the protein solution during virus filtration and SEC. Dilution during virus filtration is primarily due to washing of the filter to promote protein displacement; during SEC, dilution occurs by dispersion as the loaded peak moves down the column. The amount loaded on the AIEX step varies to a certain extent. As gradient volume in chromatographic processes is normally fixed to a certain value, any variation in protein load produces variations in pool concentration (Table [1](#T1){ref-type="table"}). This variation, together with the dilution from the virus filter, causes variation in the feed concentration of the SEC step and subsequently the drug substance concentration (pool from SEC step).

To circumvent variations in pool concentration of the AIEX chromatography step, we derived a simple algorithm in which the volume of the elution gradient (measured in column volume) is related to the load (g/l). The elution gradient volume can be set equal to the load (in g/l resin) in the range of 5--25 g/l and maintained at 5 column volume for loads less than 5 g/l. So, for a protein load of 10 g/l, a gradient volume of 10 column volume was used. The higher the load, the shallower the gradient must be to obtain the same pool concentration. Using this approach, only small variations in pool concentration were observed despite large variations in protein loaded onto the column (Table [2](#T2){ref-type="table"}).

A simulation was set up to relate protein load to gradient length. The pool concentrations obtained during laboratory validation and full-scale production were compared with simulated values (Fig. [7](#F7){ref-type="fig"}). Pool concentration remained stable when gradient volume was changed according to load. In general, the data were slightly above the simulated line, as the conservative model parameters ensure that the pool concentration, if unknown, is underestimated.

![The pool concentration for Step 3 as a function of the load when applying a variable gradient. Filled diamonds are from production scale, empty diamonds are laboratory validation runs, the solid line is the design obtained using simulation and the dashed line represents the simulated data for a fixed gradient length.](blcof-27-568-g007){#F7}

Process evaluation used a mechanistic model calibrated with experimental data. Computer simulations assessed process robustness within parameter limits by evaluating important output parameters (turoctocog alfa and HCP content; anti-FVIII mAb leakage). The process was found to be robust within the specified limits. During process performance qualification, the parameters were kept as constant as possible, while in the laboratory-scale experiments, variation was introduced deliberately. Laboratory data and manufacturing-scale data were similar, with the same variation, confirming the robustness of the process step.

### Step 4: virus filtration

After the three chromatography steps, the turoctocog alfa protein product underwent nano-filtration using a 20-nm filter to ensure a high level of viral inactivation. Detailed data on virus clearance will be published separately and are not discussed in this paper.

### Step 5: size exclusion chromatography

SEC allows separation of substances of different size and is a final polishing step in the manufacturing process. In this step, the content of HMWP is reduced, the elution buffer is exchanged for the final drug substance buffer and HCP content and mAb leakage are further reduced. The HCP level was higher on the ascending side of the peak and there was a direct correlation between reduction of HMWP and HCP (Fig. [8](#F8){ref-type="fig"}). At this step, anti-FVIII mAb leakage was reduced to around the limit of quantification. Specific activity was maintained at the same level. As this was the last purification step, it is important to obtain a consistent concentration of turoctocog alfa at every run.

![Correlation between high molecular weight protein and host cell protein reduction. HCP, host cell protein; HMWP, high molecular weight protein.](blcof-27-568-g008){#F8}

Initially, the set point for the SEC step was to load 0.05 column volume of feed solution; however, as variations in the feed concentration directly impact pool concentration, an alternative control strategy was developed to ensure a sufficient and consistent pool concentration in preparation for subsequent drug substance formulation. Simulations investigated pool concentration as a function of feed concentration and feed volume. The procedure for column loading was changed from volume-based (fixed column volume) to mass-based (load in g/l), so that a higher volume was loaded for dilute feed stocks. This significantly reduced variation in pool concentration.

In the new control strategy, load was expressed in g/l column instead of column volume. This means that for dilute feed solutions, a higher volume is loaded, while for concentrated solutions, a smaller volume is loaded. Experimental verification data showed that the model can predict pool concentration (Fig. [9](#F9){ref-type="fig"}).

![Experimental data versus simulated values for the pool concentration of Step 5.](blcof-27-568-g009){#F9}

It is important to obtain a sufficient pool concentration while avoiding excessively high concentrations, as this could result in the inclusion of HMWP impurities. Furthermore, the loading volume was limited to 0.10 column volume to obtain the required separation.

As in Step 3, process evaluation used a model-based approach in which simulations assessed process robustness regarding content and purity within the desired ranges. Robustness was confirmed by experimental verification.

Process-related impurities
--------------------------

Manufacturing-scale data confirmed the robustness of the purification process and its ability to reduce impurities to a very low level (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}). HCP (CHO) content was reduced throughout the process (reduction factor 17 292--22 980), with the major contribution to the reduction from immunoaffinity chromatography (reduction factor 266--383). The leakage from the immunoaffinity chromatography step was efficiently reduced by the subsequent AIEX (reduction factor 5--6) and SEC (reduction factor 10--15) steps. The reduction factor by AIEX and SEC for mAb leakage from the immunoaffinity chromatography step was 160 (batch 1), whereas in batches 2 and 3, it was around 60--75. The pool from immunoaffinity chromatography in batch 1 had a higher content of mAb, but the final product from all three batches had the same very low mAb content (0.04--0.05 ng/10 000 IU) (Table [4](#T4){ref-type="table"}), demonstrating that even though the level of mAb leakage varies from batch to batch, the process efficiently reduces leakage. HMWP was reduced mainly by SEC (reduction factor 5--18) with almost no contribution from AIEX. As for mAb, the reduction factor for HMWP varied by content from the previous step but resulted in the same final low level (0.3--0.8%) (Table [4](#T4){ref-type="table"}).

Conclusion
----------

Turoctocog alfa, a third-generation B-domain truncated rFVIII product, offers an alternative treatment option for haemophilia A. The molecule is manufactured in CHO cells without the use of human or animal-derived proteins. The five-step purification process results in a homogenous, highly purified rFVIII product. The most important step in the purification process is the immunoaffinity chromatography, wherein an anti-FVIII mAb is used. This mAb, which recognizes the turoctocog alfa molecule at the far C-terminal of the heavy chain (amino acids 735--739), does not bind to FVIII molecules with incomplete heavy chains. Consequently, heavy chain degradation products processed at amino acid 720 are not copurified with turoctocog alfa. The robustness of the AIEX and SEC steps was further ensured by development of mechanistic mathematical models and use of mathematical algorithm. Manufacturing data confirmed the robustness of the process.
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###### 

Pool concentration after Step 3 according to the amount of protein loaded onto the column when using the traditional approach with fixed gradient length

  Load (g/l)   Gradient (CV)   Pool concentration (g/l)
  ------------ --------------- --------------------------
  5            10              1.8
  10           10              3.0
  15           10              3.9
  25           10              5.0

Pool concentration varies depending on the load. CV, column volume.

###### 

Relationship of elution gradient volume to load and subsequent pool concentration in Step 3

  Load (g/l)   Gradient (CV)   Pool concentration (g/l)
  ------------ --------------- --------------------------
  5            5               2.6
  10           10              3.0
  15           15              3.1
  25           25              3.1

By adjusting the gradient length to the load, a more consistent pool concentration is obtained. CV, column volume.

###### 

Reduction of three important impurities during the purification process

                            RF for HCP   RF for mAb   RF for HMWP                              
  ------------------------- ------------ ------------ ------------- ----- ---- ----- ---- ---- ----
  Affinity chromatography   270          266          383           --    --   --    ND   ND   ND
  AIEX                      5            5            6             32    15   24    1    1    1
  SEC                       15           13           10            5     5    2.5   18   6    5
  Total RF                  20 250       17 290       22 960        160   75   60    18   6    5

Results are from three different manufacturing batches. AIEX, anion exchange chromatography; HCP, host cell protein; HMWP, high molecular weight protein; ND, not determined; RF, reduction factor (calculated as amount in the load/amount in the pool): total RF is calculated by multiplication of RF values in each column; SEC, size exclusion chromatography.

###### 

Content of host cell protein, mAb and high molecular weight protein in manufactured batches of purified turoctocog alfa

                              Batch 1   Batch 2   Batch 3
  --------------------------- --------- --------- ---------
  Specific activity (IU/mg)   7480      10 324    8146
  HCP (ng 1000 IU^−1^)        40        33        38
  mAb (ng 1000 IU^−1^)        0.05      0.04      0.05
  HMWP (%)                    0.3       0.8       0.4

HCP, host cell protein; HMWP, high molecular weight protein; IgG, immunoglobulin G.
